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Abstract

A new PQQ model compound [dimethyl 7-(1,4,7,10-tetraoxa-13-azacyclopentadec-13-yl)carbonyl-4,5-dihydro-4,5-dioxo-
1H-pyrrolo[2,3-f Jquinoline-2,9-dicarboxylate, 1], in which a 1-aza-15-crown-5 group is attached through an amide linkage at
the 7-position, has been synthesized in order to develop an efficient model system of calcium-containing quinoprotein
alcohol dehydrogenases. It has been found that Ca?* binds to the quinone most strongly among the alkaline earth metal ions
examined (Ca?* + > Sr2* + > Ba& "+ > Mg?*) and the binding constant (K ,,) for Ca?* is as large as 2.1 X 10° M1,
Formation of the C-5 hemiacetal derivatives with ethanol is also investigated spectrophotometrically to show that the
alcohol-addition to the quinone is enhanced in the presence of the metal ions. In this case, Ca2™ and Sr?" show a similar
efficiency that is several times larger than that of Ba?*. Addition of a strong base such as DBU (1,8-diazabicycld[5.4.0]un-
dec-7-ene) into a MeCN solution containing the metal ion complex of 1 and ethanol leads to redox reactions to give the
Ca?* complex of 1H, (quinol form) and acetaldehyde. Kinetic studies on the redox reactions have been performed to gain
insight into the mechanism of the alcohol-oxidation reaction catalyzed by the metal complexes of coenzyme PQQ. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction linequinone) as a redox catalyst for the enzy-
matic a cohol-oxidation reactions (Eq. (1)) [1].
Quinoprotein alcohol dehydrogenases (E.C. oo’ oH*
1.1.99.8) comprise a new class of enzymes that e
involve a heterocyclic o-quinone coenzyme f
PQQ (4,5-dihydro-4,5-dioxo-1H-pyrrolo[2,3-f |- R'CH,OH R'CHO (1)
quinoline-2,7,9-tricarboxylic acid, pyrroloquino-
The recent X-ray crystalographic analysis of
quinoprotein methanol dehydrogenases (MDH)
from methylotrophic bacteria has provided full
" Corresponding author. particulars of the enzyme active center to show
! Also corresponding author. that there is one calcium ion strongly bound to
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PQQ through its C-5 quinone carbonyl oxygen,
N-6 pyridine nitrogen, and C-7 carboxylate
group in the enzyme active site [2,3]. Existence
of Ca?* in the enzyme active site has also been
suggested for other PQQ-dependent enzymes
such as ethanol dehydrogenase from Pseu-
domonas aeruginosa and glucose dehydroge-
nase from Acinetobacter calcoaceticus [4,5].
Harris and Davidson [6] have recently suggested
that Ca®* plays an important role for the struc-
tural stabilization of the enzyme, but little is
known about the catalytic role of Ca?* for the
redox reaction of the enzymes [7]. In this con-
text, we have recently succeeded in demonstrat-
ing that the calcium complex of PQQ can oxi-
dize methanol to formaldehyde in anhydrous
organic media [8]. On the basis of detailed
kinetic analysis using a series of PQQ model
compounds, we proposed the addition—oxida
tive elimination mechanism through the C-5
hemiacetal intermediate as shown in Scheme 1
[9]. In this reaction sequence, Ca?* facilitates
the alcohol-addition to the quinone and stabi-
lizes the hemiacetal intermediate thus formed. It
has also been suggested that the base-catalyzed
a-proton abstraction from the added substrate is
enhanced by the complex formation with Ca®*
[9]. In order to develop more efficient model
system, we herein synthesized a new PQQ model
compound (1) in which a 1-aza-15-crown-5
group is attached through an amide linkage at
the 7-position and examined its M?*-binding
ability and reactivity in the acohol-oxidation
reaction (M2 denotes alkaline earth metal ion).
So far, coenzyme engineering and functionaliza-
tion have not only provided valuable informa-
tion about enzymatic mechanisms and functions

but has also been used to develop artificia
enzymes and catalysts [10].

PQQTME: R = CHg, R' = OCH,
oM
(0]

1:R=CHs R'= —N ]

O\//O

2. Experimental

All the chemicals used in this study were
commercia products of the highest available
purity and were further purified by the standard
methods, if necessary [11]. All akaline earth
metal ions used in this study were obtained as
ClO, sdts. UV-vis spectra were recorded on a
Hewlett Packard 8452A or a Hewlett Packard
8453 photo diode array spectrophotometer. Mass
spectra were recorded with a JEOL JNX-DX303
HF mass spectrometer or a Shimadzu GCMS-
QP2000 gas chromatograph mass spectrometer.
'H NMR and *C NMR spectra were obtained
on a JOL FT-NMR EX-270 spectrometer.
Molecular orbital calculations were performed
with the PM3 method by using a Spartan pro-
gram (Version 4.1, Wavefunction). Final geo-
metries and energetics were obtained by opti-
mizing the total molecular energies with respect
to all structural variables.

2.1. Synthesis of model compound 1

Dimethyl 5-methoxy-7-(1,4,7,10-tetraoxa-13-
azacyclopentadec-13-yl) -carbonyl- 1H- pyrrolo-
[2,3-f Jquinoline-2,9-dicarboxylate (4):

Model
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compound 1 has been synthesized by applying a
reported procedure [12] from trimethyl 5-meth-
oxy-1H-pyrrolo[2,3-f ]quinoline-2,7,9 -tricarbo-
xylate (2, a synthetic intermediate of the total
synthesis of coenzyme PQQ [13]). Thus, the
regioselective ester hydrolysis of 2 (100 mg,
0.27 mmol) in CF;COOH/H,0 (2:1, 5 ml) at
60°C for 24 h provided 2,9-dimethyl ester 7-
carboxy derivative 3 [12] to which 1-aza-15
crown-5 was introduced by acid chlorination
with (COCI), (1.7 mmol) in CqHs (3 ml) at a
refluxing temperature for 24 h, and the follow-
ing reaction with 1-aza-15-crown-5 (10 eq) in
CH,CI, (4 ml) a room temperature for addi-
tional 24 h. Amide derivative 4 was isolated
by flash column chromatography (SiO,,
ACOEt:EtOH = 4:1) in a 43% yield (63.3 mg)
from 2. '"H NMR (270 MHz, TMS, CD,Cl) &
3.63-3.89 (m, 20H, —CH,CH ,-), 4.00 (s, 3H,
—OCH,), 4.08 (s, 3H, —OCH,), 4.13 (s, 3H,
—OCH,), 7.29 (d, 1H, J=2.4 Hz, 3-H), 7.33
(s, 1H, 4-H), 8.63 (s, 1H, 8-H), 12.1 (bs, 1H,
1-H); IR (KBr disk) 3340 (NH, OH), 1722
(ester C=0), 1632 (amide C=0), 1258 (ether
C-0) cm™!; HRMS m/z 559.2126 calcd. for
C,,H4,0,,N; 559.2166.

Dimethyl  7-(1,4,7,10-tetraoxa-13-azacyclo-
pentadec-13-yl)carbonyl-4,5-dihydro-4,5-dioxo-
1H-pyrrolo[2,3-f Jquinoline-2,9-dicarboxylate
(1): Oxidation of 4 (50.8 mg, 0.091 mmol) with
5 eq of ceric ammonium nitrate (CAN, 0.47
mmol) in MeCN /H,0 (4/1, 2.5 ml) at 0°C for
10 min and following purification by flash col-
umn chromatography (SiO,, AcOEt: EtOH =
4:1) afforded an expected o-quinone 1 in a 60%
isolated yield. 'H NMR (270 MHz, TMS,
CD,Cl) & 3.67-3.84 (m, 20H, —CH,CH,-),
3.97 (s, 3H, —OCH,), 4.13 (s, 3H, —OCH ),
7.46 (d, 1H, J=2.2 Hz, 3-H), 8.46 (s, 1H,
8-H), 12.9 (bs, 1H, 1-H); IR (KBr disk) 3224
(NH, OH), 1722 (ester C=0), 1686 (quinone
C=0), 1628 (amide C=0), 1234 (ether C-O)
cm~!; HRMS m/z 559.1803 calcd. for C,,-
H,,0,,N; 559.1804; Anal. calcd. for C,,H -
0,;N; C55.03, H 5.15, N 7.40, found: C 54.93,
H 5.32, N 7.39.

2.2. Titration

The binding constants (K,,) for the 1:1-com-
plex formation between the quinone (2.5 X 10>
M) and alkaline earth metal ions (Mg?*, Ca?",
Sr2*, and Ba?*) were determined by spectro-
photometric titration using a 1 cm path length
UV cdl in anhydrous MeCN at 25°C using Eq.
(2). The data are summarized in Table 1.

The equilibrium constants (K ) for the al-
cohol-addition to the quinone (25X 107° M)
were determined in the presence and absence of
the metal ion by spectrophotometric titration
using a 1-cm path length UV cell in anhydrous
MeCN at 25°C. The metal ion concentrations
used in the titrations were large enough to con-
vert al the quinone to the corresponding metal
complexes. The analytical procedure has been
already reported in the literature [14].

2.3. Kinetic analysis

Oxidation of ethanol by the metal complexes
of 1 was followed by UV-vis spectra under
pseudo-first-order conditions with excess ethanol
in deaerated MeCN at 25°C. Typically, an anhy-
drous MeCN solution containing 1 (2.5 x 10~°
M), CaClO,), and EtOH was placed in a UV

Table 1
Metal ion binding constants (K,,) and UV /Vis absorption max-
ima (A in MeCN

Quinone  lonicradius®  Apgy, NM Ky, M~1P
M2+ A Quinone [M(Q)J?*
1 Mg?* 0.66 352 —d 72
1 Cat 099 352 364 210000
1 S2t 112 352 364 110000
1 Bt 134 352 364 40000
PQQTME® Mg?*t 0.66 354 —d <5
PQQTME® C&* 0.99 354 368 1900
PQQTME® Sr2* 112 354 366 590
PQQTME® Ba?* 1.34 354 365 380

#Taken from Handbook of Chemistry and Physics, 61st edn., CRC
Press, Boca Raton, 1981.

PThe experimental error is within 4 5%.

“The data are taken from the literature [9].

9The Amax Vaue could not be determined accurately because of
the following hydration reaction of the quinone moiety.
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cell (1-cm path length, sealed tightly with a
silicon rubber cap) and was deaerated by bub-
bling Ar through it for ca 20 min. Then deaer-
ated DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene)
was added with a microsyringe to start the
reaction. The pseudo-first-order rate constant
(koss) Was calculated from the rate of the de-
crease in intensity of the absorption due to the
quinone or the increase in intensity of the ab-
sorption due to the product. The Mac curve fit
program (version 1.0) was used for the non-lin-
ear curve fitting of the plots of k., vs. [EtOH]
and of k. vs. [DBU] to obtain the kinetic
parameters (K,, K,y and k). The data are
summarized in Table 2.

2.4. Product analysis

The oxidation product, acetaldehyde, was iso-
lated as the 2,4-dinitrophenylhydrazone deriva-
tive, and its yield was determined by *H NMR
(in CDCl ;). Formation of the 2,4-dinitrophen-
ylhydrazone of acetaldehyde was confirmed by
comparing the peaks of the product to those of
an authentic sample, and its yield was deter-
mined by using tetrachloroethane as an internal
reference.

Table 2
Kinetic parameters for the oxidation of ethanol by [M(1)]** and
[M(PQQTMBE)]** in MeCN?

Quinone MZ* Ky kM~ K, MTP
M~ 1b,c s~ 1b
1 c&t 1012 17  099x10°
1 Szt 15(15) 58 3.4x10°
1 B2  038(0.38) 2800 55x10°
PQQTMEY cC&2* 1112 2.1 1.0x10°
PQQTMEY  Sr2*  0.79(0.79) 39 2.6x10°
PQQTMEY Ba2*  0.41(0.41) 150 5.0x10°

@Obtained from the plots of ks vs. [ROH].

The experimental error is within 4 5%.

°The K,y values determined by the titration are shown in
parentheses.

The data are taken from the literature [9].

3. Results and discussion
3.1. Synthesis

Model compound 1 has been synthesized by
applying a reported procedure [12] from
trimethyl  5-methoxy-1H-pyrrolo[2,3-f Jquino-
line-2,7,9-tricarboxylate (2). Thus, the regiose-
lective ester hydrolysis of 2 in CF,COOH /H ,0
(2:1) at 60°C for 24 h provided 2,9-dimethyl
ester 7-carboxy derivative (3) to which 1-aza-
15-crown-5 was introduced by acid chlorination
with (COCI), and the following reaction with
l-aza-15-crown-5. After purification by flash
column chromatography (SiO,), CAN oxidation
of the resulting material 4 afforded an expected
o-quinone 1.

3.2. Metal ion coordination

The trimethyl ester of coenzyme PQQ (PQ-
QTME) has been shown to bind Ca?* with the
binding constant K,, = 1.9 x 10°* M~ in the
same place as PQQ in the enzyme; a molecular
cleft surrounded by the quinone carbonyl group
at C-5 (O-5), the pyridine nitrogen (N-6), and
the carboxy! group at the 7-position (O-7") [8,9].
Addition of CaClO,), to 1 in anhydrous aceto-
nitrile (MeCN) at 25°C gave us a similar spec-
tral change as that observed in the titration of
PQQTME with CaACIO,), under the same ex-
perimental conditions. The absorption band at
352 nm due to the quinone shifted to 364 nm
and the absorption band at 278 nm decreased
with an increase at 260 nm with clear isosbestic
points as shown in Fig. 1. The binding constant
Ky for l:1-complex formation between the
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Fig. 1. Spectral change observed upon addition of Ca(ClO,), (0-1.9 X 10~* M) to a MeCN solution of 1 (2.5x 10° M) at 25°C. Inset:
plot of (A—Ay)/(A, — A vs. [CACIO,), ], — allly [a=(A— Ay /(A, — Ayl for the Ca2*-complex formation of 1.

quinone (Q) and the metal ion (M?") can be
determined by Eq. (2),

A-A, A A,

where A, and A, are the initial and fina
absorptions of the titration, and [M?* ], and [Q],
denote the concentration of the added metal ion
and the initial quinone concentration, respec-
tively. Thus, the plot of (A—Ay) /(A, — A) vs.
([Ca2+]o - a[l]o) [a = (A - Ao)/( A — Ao)]
gave a straight line passing through the origin as
shown in the inset of Fig. 1, from which K,, =
2.1 X 10° M ! was obtained as the slope.

In spite of our great efforts, a single crystal
of the Ca?* complex of 1 suitable for the X-ray
analysis could not be obtained. However, the H
and **C NMR data in MeCN-d, clearly indicate
that the binding position of Ca?* to 1 in aceto-
nitrile is the same as that to PQQTME as fol-
lows. In the "H NMR spectra, the methylene
protons of the crown ring moved down field by
the complexation with Ca®* (Ad=ca +0.2)
and the A (down-field shift by the complexa-

KM [M2+]0_

tion) value of H-8 is larger than that of H-3
(+0.22 and +0.06, respectively). In the **C
NMR spectra, down-field shifts of C-5 and C-7’
(amide carbonyl carbon at the 7-position) were
relatively large (Appm= +29 and +5.0, re-
spectively), while the chemical shifts of C-4,
C-2' (ester carbonyl carbon at the 2-position),
and C-9 (ester carbonyl carbon at the 9-posi-
tion) were very smal (Appm= —0.5, +0.4,
and —0.4, respectively). Essentialy, the ten-
dencies of the chemical shiftsin the *H and *°C
NMR and of the UV /Vis spectral change were
the same as those obtained in the titration with
PQQTME, indicating that the interaction be-
tween Ca?* and the quinone moiety takes place
at the same positions; the C-5 quinone carbonyl
oxygen and the N-6 pyridine nitrogen.

In Fig. 2 is shown a computer generated
structure of the Ca?* complex of 1 using a
Spartan program (version 4.1). The calcium ion
has a hepta-coordinate geometry with the
O(5')N(6)N(amide)4O(crown) donor set, where
al Ca?*—O distances are 2.376 + 0.008 A and
the distances of Ca?*—N(6) and Ca?"—N(amide)
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N(amide) 9

*?@

Fig. 2. Chem3D representation of the optimized structure of
[CAD*" by Spartan (version 4.1). All hydrogen atoms are
omitted for clarity.

are 2.498 A and 2.580 ,& respectively. These
values of the atom distances are fairly close fo
those in the enzyme (Ca’*-O(5): 2.50 A,
Ca?™-N(6): 2.47 A, Ca™-O(7'): 2.30 A) [2]
and are within the range of the reported values
for Ca*—O=C and Ca*-N,, distances in
crystals (see the reference papers cited in Ref.
[9]), indicating that Ca?* fits perfectly in the
metal binding site as designed by us. The larger
K, vaue of 1 as compared to PQQTME (more
than two-orders of magnitude) can be attributed
to the good fitting of Ca?* into the metal
binding pocket of 1.

Essentially the same spectral changes
(bathochromic shift of the absorption band at
352 nm and decrease of the one at 278 nm)
were obtained in the titrations of 1 with Mg?*
Sr2*, and Ba?* (Table 1), implying that the
binding position of these metal ions to 1 is
essentially the same. The K, valuesof 1 to the
metal ions were then determined by analyzing
the spectral changes in a similar manner de-
scribed above, and they are listed in Table 1
together with the A, of the quinone and its
metal complexes.

Incorporation of the crown ether ring into the
PQQ molecule significantly enhances the metal
ion binding ability, and the K,, value reached
the order of 10° M~ in the case of Ca&?* and
Sr2*. It should be also noted that the binding of
Ca’" to the quinone is the strongest among the
akaline earth metal ions examined. It is proba
bly due to the best fitting of Ca?" to the metal
binding site comprised of O(5'), N(6), and the
crown ether ring as indicated by the computer
simulation (Fig. 2). Binding of the larger metal
ions such as Sr?* and Ba** would induce some
strain around the metal binding site and Mg?*
may be too small to bring the quinone moiety
and the crown ether ring together.

3.3. Hemiacetal formation

Addition of ethanol into a MeCN solution of
[Ca(1)]?* resulted in a spectral change shown in
Fig. 3 which indicates C-5 hemiacetal forma-
tion. The equilibrium constant K, for the
hemiacetal formation of [Ca(1)]*" with ethanol
was determined as 1.2 M~! by the titration
(inset of Fig. 3) as listed in Table 2. The K _
value thus determined is six times larger than
that measured in the absence of Ca®* (K 4=
0.20 M~1). The enhancing effect of Ca?* for
the hemiacetal formation of [Ca(1)]*" with
ethanol is exactly the same as that observed for
that of PQQTME with ethanol (K 4y = 0.20M ~*
for PQQTME and K, = 1.2 M ! for [CAPQ-
QTME)]?**) [9], indicating clearly that there is
no inhibiting effect such as steric hindrance by
the crown ether ring on the alcohol-addition
reaction. Almost the same K, vaue(1.5M 1)
was obtained for [Sr(1)]?*, but that value be-
came smaller (0.38 M~1) for [Ba1)]**. The
smaler K, value of [Ba(1)]** as compared to
those of [CA1)]?*" and [Sr(D)]?** can be at-
tributed to its larger ion size which may induce
some strain in the resulting C-5 hemiacetal
derivative. Such a smaller effect of Ba?* than
Ca’" was also observed in the addition of
ethanol to PQQTME [9].
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Fig. 3. Spectral change after the reaction of 1 (2.5x 1075 M) with EtOH (0-3.5 M) in the presence of CAClO,), (1.1 X 10~* M) in
MeCN at 25°C. Inset: Plot of 1/( A— Ay) vs. 1/[EtOH] for the titration of 1 in the presence of Ca(ClO,), with EtOH.

3.4. Base-catalyzed alcohol-oxidation such as DBU (1,8-diazabicyclo[5.4.0]undec-7-
ene) resulted in reduction of the quinone to the

Addition of ethanol into a deaerated MeCN corresponding quinol (1H,). In Fig. 4 is shown
solution containing [Ca(1)]** and a strong base a spectral change of the reaction at 25°C in

1.0

0.8 ||

In(A... - Azsz)

06| /

5 L L
0 500 1000 1500 2000

Absorbance

04 | Time, s

0.2
0 - i . e
300 400 500 600 700
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Fig. 4. Spectral change observed during the oxidation of EtOH (1.0 M) by 1 (5.5 X 10~% M) in the presence of Ca(CIO,), (1.1 X 10™* M)
and DBU (1.6 X 10~ M) in deaerated MeCN at 298 K. Inset: Pseudo-first-order plot based on the absorption change at 352 nm due to the

quinone.
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MeCN under anaerobic conditions. The fina
spectrum of the reaction mixture is very close to
that obtained by the treatment of authentic PQ-
QTMEH, (quinol form [15]) with CaClO,),
and DBU in deaerated MeCN. From the reac-
tion mixture on a preparative scale ([1] = 1.3 X
10~* M, [CACIO,),]1=13Xx10"* M, [DBU]
=24x10"% M, [EtOH] = 1.5 M in 100 ml of
MeCN), acetaldehyde was isolated quantita-
tively as the 2,4-dinitrophenylhydrazone deriva-
tive.

A first-order plot for the rate of formation of
the reduced product is shown in the inset of Fig.
4. The pseudo-first-order rate constant (k)
thus obtained shows a Michaelis—Menten type
saturation dependence with respect to the ethanol
concentration as indicated in Fig. 5A. Non-lin-
ear curve fitting using Eq. (3),

Kops = KK [ EXOH] [DBU] /(1 + K[ DBU |
+ K g EtOH]) 3

derived from the reaction mechanism shown in
Scheme 2 provided the kinetic parameters as
K,=099x%x10° M™% K =10M"% and k
=17 M~ ! s7! where K, is the deprotonation
equilibrium constant (1~ represents deproto-

0 05 10 15 20 25
[EtOH], M

nated quinone at N-1) and k is the rate constant
of the oxidative elimination of the product from
[CA1e)]?" to produce [CA1H,)]*" and Me-
CHO. The dependence of k. vs. [DBU] (Fig.
5B) aso afforded a similar saturation phe-
nomenon as expected from the kinetic Eq. (3),
from which K,=11x10° M™%, K_,=11
M™% and k=17 M~* s7! were obtained by
the computer simulation. The good agreements
of those kinetic parameters determined indepen-
dently from Kk, vs. [EtOH] and k. vs. [DBU]
together with the agreement of K_,, determined
by the titration (1.2 M~ 1) and kinetics (1.0 M1
and 1.1 M%) support the validity of the pro-
posed addition—elimination mechanism.

The kinetic parameters (K4, k, and K_) for
the oxidation of ethanol by [Sr(1)]** and by
[Ba(1)]>" were obtained in the same procedures
and they are summarized in Table 2. In all
cases, the K., values determined indepen-
dently from the plots of k. vs. [ROH] agree
well with those determined by the titrations of
the metal ion complexes of 1 with ethanol.
Thus, the oxidation of these alcohols proceeds
via the same addition—base catalyzed elimina-
tion mechanism through the C-5 hemiaceta in-
termediate (Scheme 2).

1.5

1.0 |

10%Kops; 8™

0.5 |-

00O 1 1 1 1
0 1 2 3 4 5

103[DBU], M

Fig. 5. Plots of (A) K Vs. [EtOH] for the oxidation of EtOH by 1 (2.5 x 10~° M) in the presence of CaClO,), (1.1 X 10~* M) and DBU
(33% 1073 M), and (B) kg, vs. [DBU] for the oxidation of EtOH (1.1 M) by 1 (2.5 X 10~° M) in the presence of Ca(ClO,), (1.1 X 10™*

M) and DBU in deaerated MeCN at 25°C.
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Scheme 2.

Inspection of Table 2 clearly indicates that
the catalytic effect of the metal ions on the
alcohol-addition process (K,,,) and the acid—
base equilibrium (K,) of the pyrrole proton are
basically the same between 1 and PQQTME,
while the acceleration of the oxidative elimina-
tion process (k) by the larger ions (Ba®* > Sr2*
> Ca?") is more pronounced in the case of 1 as
compared to PQQTME. The larger catalytic ef-
fect of the larger metal ions on the oxidative
elimination process (k) has been explained by
taking account of the intramolecular general-
base catalysis by the C-4 carbonyl oxygen
(Scheme 3) [9]. Namely, the binding of larger
metal ions such as Ba®* and Sr?* to the hemi-
acetal of PQQ forces the added alcohol moiety
closer to the C-4 quinone carbonyl oxygen than
in the case of Ca?*, making the a-proton ab-
straction by the carbonyl oxygen easier. Such a
pushing effect of the added alcohol moiety by
the larger ions may be further enhanced by the
incorporated crown ether group from the back
(Scheme 3).

In summary, we have developed a new syn-
thetic model for the active site of quinoprotein
acohol dehydrogenases, where the binding of
akaline earth metal ions and the catalytic ef-
fects of the metal ions on the acohol-addition
(K _4¢) and the base-catalyzed oxidative elimina
tion processes (k) have been explored. Introduc-
tion of a l-aza-15-crown-5 group into the 7-
position of the PQQ molecule resulted in essen-
tialy the same spectral changes (UV /Vis and
'H and *C NMR) as a result of complex forma-
tion with akaline earth metal ions as in the case
of PQQTME, and increased the metal ion bind-
ing ability by ca. two orders of magnitude as
compared with that of PQQTME. These results
gave us further evidence that the metal ion
binding site in the model system is the same as
that observed in the enzyme. Kinetic studies on
ethanol oxidation by 1 aso gave us further
evidence for the addition—elimination mecha-
nism. The order of the catalytic efficiency on
the alcohol-addition step (K,,,) is Ca?* =Sr?*
> Ba?* and that on the base-catalyzed elimina-
tion process (k) is Ca?* < Sr2* < Ba*, which
are similar to those of the enzymatic system
(Vo @nd K,,)) [16]. In the present system with
1, the difference of the catalytic efficiencies of
M2* in the base-catalyzed elimination process
(k) is much more pronounced as compared to
the system with PQQTME itself (see Table 2).
This can be explained by taking account of the
intramolecular general-base catalysis by the C-4
carbonyl oxygen in the a-proton abstraction of
the added substrate as discussed above (Scheme
3.
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During the initial submission of this article,
Zheng and Bruice [17] reported the theoretical
studies on the catalytic role of Ca?* in quino-
protein MDH. They pointed out the possibility
of a hydride transfer mechanism from calcium
methoxide to C-4 quinone carbonyl oxygen of
PQQ. In our model reactions, however, forma-
tion of the C-5 hemiacetal intermediate has been
undoubtedly demonstrated by the spectroscopic
analysis and the detailed kinetic investigations.
As one may argue, the hydride transfer mecha-
nism which involves the C-5 hemiacetal deriva-
tive as a bystander in a side-equilibrium is
kinetically indistinguishable from the proposed
addition—elimination mechanism involving the
C-5 hemiacetal as the rea active species. In the
theoretical calculations, however, they aso
demonstrated that both the direct hydride trans-
fer and the addition—elimination mechanisms go
through a same transition state to give formal-
dehyde and reduced PQQ, clearly suggesting
that the C-5 hemiacetal could not be the non-
productive intermediate in a side-equilibrium.
Thus, it can be concluded that their calculation
results support validity of our proposed addi-
tion—elimination mechanism for the present
model reaction.
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